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SUMMARY

A survey is given of the high-energy particle popula-

tions in the inner radiation belt. The experiments which

have given information about particles are discussed and

the best experimental information about particle fluxes and

spectra is presented. Calculations are given which indicate

what particle sources and loss processes are most im-

portant. The role of neutrons in making the inner belt is

considered in detail and the need for particle acceleration

and/or other sources of particles is shown.
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ENERGETIC PARTICLES IN THE

INNER VAN ALLEN BELT

by

Wilmot N. Hess

Goddard Space Flight Center

INTRODUCTION

The satellite Explorer I (1958 a) launched with a Geiger-Mfiller counter on board discovered a

region of high count rate starting at an altitude of about I000 km. This was unexpected--in fact, it

was suggested that the counter might have malfunctioned. But results from Explorer III (1958 :_)

demonstrated that the effect was real. Van Allen, who had conducted both experiments (Reference 1),

realized very soon that the measured high count rates were due to charged particles trapped in the

earth's magnetic field (Reference 2). St6rmer had worked extensively on this general subject (Ref-

erence 3) and even calculated orbits of trapped particles (Reference 4) years earlier, but the actual

existence of trapped particles had not been suggested in this work. Ideas about the existence of a ter-

restrial ring current had also essentially included the idea of trapped particles (Reference 5).

At the same time that these experiments in space were going on, experiments with trapped par-

ticles were going on in various laboratories. Project Sherwood is an attempt by the Atomic Energy

Commission to make a controlled thermonuclear reaction on a small scale (Reference 6) by confin-

ing charged particles in a magnetic field. Christofilos, who was working on Project Sherwood,

extrapolated the laboratory idea to earth scale and suggested the possibility of trapping a large num-

ber of charged particles in the earth's magnetic field by using a nuclear explosion to inject the par-

ticles. This idea was carried out in the Argus Experiment (Reference 7) and demonstrated

experimentally that charged particles could really be trapped in the earth's field. It had even been

suggested in planning the Argus Experiment that a natural radiation belt, populated by the decay of

neutrons escaping from the earth's atmosphere might exist; but this idea did not get wide distribution.

Results obtained from Sputnik HI (1958 _2) in May 1958 confirmed the existence of the trapped

radiation with measurements up to 1800 km (References 8 and 9).

Explorer IV (1958 e) was launched in July 1958 with instrumentation to study the natural radiation

belt (Reference 10) and to study the artificial belt produced by Argus (Reference 11). A map of the

radiation intensities up to an altitude of 2200 km and a range spectrum of the charged particles were

obtained by Explorer IV.



Pioneer Ill (1958 8 1)in December 1958 (Reference 12) and Pioneer IV (1959 u) in March 1959

(Reference 13) made isolated passes more or less radially outwards through the inner belt. More

recently, Injun (1961 02) and Explorer VII (1959 , 1) and several Discoverer satellites have given in-

formation about the inner belt. These, with various rocket shots, complete the list of experiments

performed.

In this report, an attempt is made to survey the experiments that have given information about

the inner belt and also the calculations that have been made dealing with energetic particles in this

area. One subject that will receive special attention is neutrons in space and neutron decay, because

it is well established that neutrons play a major role in the production of protons and also probably of

electrons in the inner belt.

MOTION OF PARTICLESIN A DIPOLE FIELD

The general problem of charged particle motion in a dipole field is complicated (Reference 3).

Fortunately_ for radiation belt particles, an approximation can be used which simplifies the situation

considerably. Alfv_n (Reference 14) introduced the idea of the guiding center of a particle. The par-

ticle motion in this case is described in terms of: (1) a rapid gyration about a guiding center with a

cyclotron period re and radius of gyration Re, and (2) motion of this guiding center along a magnetic

line of force. The motion along the line is periodic too. The particle is reflected by the converging

magnetic field near the earth and bounces back and forth in the exosphere with a bounce period r e.

There is another motion (Reference 15), a slow drift in longitude around the earth with a period of

revolution of TR. Particles at 2000 km altitude near the equator will have the characteristics listed in

Table 1. Because the three periods are so different, the particle motion is separable into these three

components. If the cyclotron radius of the particle Rc becomes comparable to the diameter of the

earth, the motion is not separable; however, even for 1 Bey protons this condition does not occur.

Table 1

Characteristics of Particles at 2000 km Altitude Near the Equator.

Particle P. (cm) _ (see) Ts (sec) 7-e (rnin)

50 kev Electron

1 Mev Electron

1 Mev Proton

10 Mev Proton

500 Mev Proton

5x 103

3.2 x 104

1 x 106

3x 106

2.5 x 107

2.5 x 10 -6

7x 10 -6

4x 10 -3

42 x 10 -3

6x 10 -3

0.25

0.10

2.2

0.65

0.11

690

53

32

3.2

0.O84

We can understand the particle's bouncing motion in the following way (Reference 16). A static

magnetic field does no work on a particle; therefore, the flux linking the orbit of a particle rotating

about a field line is constant. If d(1)//dt = 0, the particle's energy would change. Thus,

¢ : BrrRc2 : constant, (1)
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and we can write for the particle's perpendicular energy

mV_ _v 2 Re2 mR2( eBb2 e 2 B2 Re2
El : 2 : - 2 - 2 _ mc) = 2mc _ (2)

Substituting this into Equation 1, we get

therefore,

2¢rmc 2 E /

¢ = constant = e2B ' (3)

El
B - constant = _ • (4)

The constant _ is the magnetic moment of the particle's motion around the field line.

From Equation 4 we see that

sin s a

= constant. (5)

The particle will move into a region of increasing B until sin _ = 1 when it must turn around. It then

moves out of the high field region and repeats the process at the other end of the field line for the

same value of B. The angle a is the particle's pitch angle.

The drift in longitude of a charged particle results from a force on the particle perpendicular to

the field lines and lying in the plane through the center of the earth containing the earth's axis. The

magnitude and direction of this drift velocity can be obtained from the cyclotron equation

, : (.×,) - (p×.)eB2 eB 2 " (6)

If a force fi acts perpendicular to B for a time at, there is a change of momentum of

Ap = fi At ; (7)

this results in a displacement of the guiding center of the particle of

A. :
eB 2 " (8)



Differentiating Equation 8 with respect to time gives

dR c (f± x B)VD - dt ea 2 • (9)

This drift velocity is perpendicular to both f. and B; therefore, if fl lies in the plane through the cen-

ter of the earth containing the earth's axis, the drift velocity will be azimuthal--a drift in longitude.

One force that produces a drift is due to the gradient of the earth's magnetic field:

3_B
f± : _vB : R (10)

A second force that produces a drift is the centrifugal force on a particle due to the curvature of field

lines:

2
mV11

f± : R_ (11)

Combining these gives a drift velocity

)YD 09 c R c II2 + 2 V 1 ' (12)

where _c and Rc are the cyclotron frequency and radius, respectively.

There is also a possibility of radial drift of particles due to line exchange (Reference 17) or other

effects (Reference 18), but these drifts do not seem to be important for high-energy trapped particles

as was demonstrated by the spatial stability of the Argus electrons.

ADIABATICINVARIANTS

Associated with the motion of particles in a dipole field are three constants. They are actually

only adiabatic constants--in other words they are constant unless magnetic fields change rapidly. We

have shown the magnetic moment _ to be a constant of the motion, but it is not constant if fields change

in times short compared to % or in distances short compared to R.

The second adiabatic (Reference 19)invariant I is called the integral invariant,

I = 7 vll dl , (13)
I



where the integral is taken along a field line between the two mirror points. This quantity is related

to the Hamilton action integral and is violated if changes occur in times short compared to _B"

The third invariant is the flux invariant (Reference 20). When this invariant holds, the magnetic

flux linked by the particle's orbit is constant. This is violated if field changes occur in times short

compared to _R"

We can understand the motion of a particle in the earth's field rather well by considering only the

constancy of _ and I. From _ we know that the particle mirrors at a particular value of B. From I we

can determine which field line the particle will travel as it drifts around the earth. The combination

of these two defines a surface around the earth, resembling the surface of a pitted olive, on which the

particle will travel.

SOURCEg OF THE BELT PARTICLES

Cosmic Rays

A flux of about 2 particles/cm2-sec of galactic cosmic rays reaches the earth regularly. One

possibility about the radiation belts is that they represent quasi-trapped particles (Reference 21), that

is, they consist of particles on certain special StSrmer orbits that can slay near the earth for a long

time and then finally move out of the earth's field and escape. Estimates of the intensity of the radia-

tion belt that would be produced this way show this to be a small effect. A flux increase by a factor

of 104 or more over the galactic cosmic rays would be needed to produce the radiation belt fluxes.

The increase obtained by this quasi-trapping is nowhere near 104 .

Another possibility is that cosmic rays might produce trapped particles by interacting with the

very thin atmosphere at very high altitude. We can estimate the importance of this source. If we

take an atmospheric density of l0 s atoms/cm 3 of oxygen and a cross section for producinghigh-energy

charged particles of 0.2 × 10 TM cm 2, we get a source strength S of

: /
-cm2_se--_-c / \ cm 3 ] a_ ]

4 × 10 -2° protons

cm 3 - sec

This also is negligible when compared to other source strengths.

Still another possible source of the belt particles is splash albedo protons produced by inter-

actions of the high-energy cosmic rays with the atmosphere. We know that the particles must return

to roughly their birth altitude or even lower in order to mirror at the other end of their line of force.

They must therefore encounter a rather thick atmosphere and be rapidly lost, so this source con-

tributes little, if anything.

Mu Mesons

High-energy collisions involving cosmic rays produce _ mesons. These decay in about 10-s sec

to # mesons which in turn decay in 2 × 10 .6 sec to electrons having energies up to 50 Mev. If the decay



occurs at a high enough altitude, the electron can be trapped. A _ meson, to travel 1000 km, must live

0.003 sec. Even if it lives 5 half-lives or 10 -s sec, it must have a relativistic time dilation factor of

y = .003/10 -s = 300 in order to travel this distance. Thus it must have an energy on the order of

300 × 106 Mev = 30 Bey. There are very few 30 Bev _ mesons made traveling upwards out of the

atmosphere, and this source can also be neglected.

Solar Wind

There are about 10 protons/cm 3 in the kev energy range striking the magnetosphere (Reference

22); this is a large flux of particles. If they could be brought into the magnetic field of the earth, they

could be an important source. There are several possibilities here. Particles may be injected at the

field nulls near the poles (Reference 23). Field convection processes may bring them into the field

(Reference 24); Taylor instabilities may also help them get in. All of these are possible but none of

them are understood well enough to be evaluated. It would appear that some processes of this sort

may produce low energy particles in the outer belt, but it seemz difficult to see how particles can be

brought in through the outer belt to the inner belt efficiently. For want of any specific information

about these processes we will not consider them further.

Neutrons

Neutrons are made by cosmic ray protons colliding with oxygen and nitrogen nuclei in the atmos-

phere. Several neutrons are made in the nuclear cascade in the atmosphere. A 5 Bev cosmic ray

proton will produce about 7 neutrons in the atmosphere. About 25 percent of all neutrons produced

this way diffuse out into space; this leakage flux of neutrons out of the atmosphere is about 0.5

neutrons/cm2-sec at the equator and about 5 neutrons/cm_-sec at the pole. The neutron flux in space

close to the earth at low latitudes has been measured (Reference 25) to be about 1.0 neutrons/cm2-sec;

this is in reasonable agreement with the calculated fluxes. Few neutrons reach the earth from the sun

or more distant space because the free neutron is radioactive with a mean life of only 1000 sec. It

decays by the reaction

n - p+e+'g.

The antineutrino _ does not interest us here, but the proton and electron are both important in forming

the radiation belt.

We need to know how many neutrons of what energies decay at different places in space to pro-

duce protons and electrons. First, we must know the neutron energy spectrum ¢,/E,R._} in space at

all radii R and latitudes _. This has been calculated (Reference 26) from a knowledge of the neutron

energy spectrum inside the atmosphere (Reference 27) and is shown in Figure 1. The flux decreases

as a function of height above the earth. This is especially true for low-energy neutrons. Neutrons of

less than 2/3 ev are trapped by the earth's gravitational field so that they essentially all decay in space
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Figure 1--Albedo neutron energy spectra in space at different distances above the geomagnetic equator on December 5,

1959. The zero R+ curve is for the topof the atmosphere, roughly 100 km. Reproduced with permission from References
26 and 27.

near the earth, while only about 1 percent of

neutrons of 1 Mev energy decay near the earth.

The density of neutrons decaying is given by

dn 1

dV (E,R,_) : _ _n{E,R,_), (14)

where v is the neutron velocity and _. the neu-

tron mean life.

The electrons made by the neutron decay

will have the fl decay spectrum shown in Fig-

ure 2. The electron's energy will be essen-

tially unchanged by the neutron's kinetic energy.

To demonstrate this, consider a 10 Mev

_ 3
gO

Z

I--

_z 2

i/
0

0 20O 400 6OO 8OO

ELECTRON ENERGY (kev)

Figure 2-The electron-energy spectrum from neutron_

decay. To obtain electron flux multiply the intensity

by the electron velocity.



neutron, which has a velocity of about 4 × 109 cm/sec. When an electron of about 30 key energy is

produced by the neutron decay it has a velocity of about 2 x 101° cm/sec. When the neutron's velocity

is compounded with this velocity relativistically it changes by, at most, 10 percent. Almost all neu-

trons have energies less than 10 Mev, so the effect of the neutron's motion in changing the electron's

energy can be neglected. Therefore, to determine the total electron source strength St for the radia-

tion belt due to neutron decay, we simply add up all neutron decay events:

f dn f_--_r (15)S e (R,X) = -_V--(E,R,X) dE = ¢(E,R,h) dE .

This electron source strength Se is shown in Figure 3. We see there are from 10 -13 to 10 -12

electrons/cm_-sec made by this source in space near the earth.

The situation is differentwhen we consider the protons made by neutron decay. The kinetic energy

of the proton is very nearly the kinetic energy of its parent neutron. The electron kinetic energy is

supplied by the mass difference of the neutron

and proton. The recoil energy given the pro-

ton by the electron is only about 100 ev; so, if

we consider protons above about 10 key, we can
J

_K_ accurately take the proton's energy and direc-

tion of motion to be that of the parent neutron.

Because of this the decay density energy spec-

trum shown in Figure 4 is also the proton

source energy spectrum Sp (E.R,X) from about

10 key up,

dn

Sp (E,R,_.) = -dr -(E,R,x) - (16)

There are about 6 × 10 -Is protons/cm 3-sec ot

E > 10 Mev produced in space near the earth.

The proton source near the earth at the equator

has been evaluated from Figure 1 to be

0.8 E-2.o

Sp (E,R ,0) = _-o (17)

Figure 3--Vatues of the neutron decay density dn/dV

summed over neutron energy at different attitudes and
magnetic latitudes. Reproduced with permhsion from
Reference 26.

We have a quantitative picture of the neutron-

decay proton and electron sources. These are

an important source of the radiation belts.



LOSS PROCESSES lo_

Protons

There are at least three ways in whichpro-

tons are lost from the radiation belt. In the

inner belt, high-energy protons are removed

most rapidly by slowing down until they reach

about 100 key. The amounts of oxygen R that

must be traversed to stop protons of various

energies are listed in Table 2.

Table 2

Ranges of Protons in Oxygen.

Energy (Mev) Range (grn/cm 2)

0.1

1

I0

I O0

6x 10 -s

0.003

0.14

8.6

Below 100 key, the protons are more rapidly

lost by charge exchange (Reference 28) with

slow protons by the reaction

10-14

lO-Ze

1048
I0a 10.2 104 1 I0 103 103 I04 103

NEUTRON ENERGY (kev)

Figure 4--The neutron decay energy spectrum dn/dV(E)
at 1500 km on the equator.

p+H _ p+H_,

where the bar refers to the fast particle. At 50 key, the cross section for charge exchange (Refer-

ence 29) is %, = 2 × 10 -16 cm 2, and the charge exchange lifetime T, is given by

1 1

TcH = _c, n(H) _' - (2× 10_,6 cruz)(i0¢ atoms_( 3 cm) : 1600sec ,cm3 ] × 108 _ (18)

where n(H) is the atomic density of hydrogen, taken here to be 104 atoms/cm 3 . This time is less than

the slowing down time above approximately 1000 km altitude, so the charge exchange process will

dominate here.

In the outer belt, protons are lost rapidly by some additional process. Probably this involves the

breakdown of the magnetic moment invariant. Various possibilities along this line are considered

later.



Electrons

Different processes are responsible for the loss of electrons than for protons. Because electrons

are lighter, they scatter more easily and are lost in the inner belt principally by coulomb scattering

into the loss cone rather than by slowing down. This can be seenby comparingR, the range of the par-

ticle, and D, the amount of material necessary to scatter out. The range of a 1 Mev electron, from

Feather's rule, is

g_n
R : 0.54E- 0.13 = 0.41--

cm2 (19)

The value of D can be obtained by using the scattering formula (Reference 30)

7000 D
82 -

Z_ (20)

where 82 is the mean angle of scattering, D is the path length of air (at S.T.P.) traversed in cm, and E

is the particle energy in key. Taking 0 = 0.5 rad as the necessary scattering angle to lose the par-

ticle, we find

D = 0.04 gm
cm 2

This shows the electron will be scattered out of the inner belt before it slows down.

HIGH-ENERGYPROTONS

Experiments on the Energy Spectrum

The first experiment performed in the radiation belt that unambiguously identified the particles

which were counted involved flying a stack of nuclear emulsions on the Atlas rocket (Reference 31).

The emulsion stack was recovered and developed and the nuclear tracks were read. The range and

ionization of the particles were measured, the particles identified and their energies determined.

Protons of E > 75 Mev and electrons of E > 12 Mev could get through the 6 gm/cm _ shielding into

the nuclear emulsions. No electrons were found, but a large number of protons were found. The

energy spectrum of protons measured by Freden and White on a later flight (Reference 32) is shown

in Figure 5. Other experiments (References 33, 34, 35, and 36) have shown very similar energy

spectra and intensities of protons and have extended the data down to lower energies. Below about 40

Mev the energy spectrum becomes quite flat and shows a slight dip at about 20 Mev. The inner-belt

proton flux seems quite constant in time, varying by less than a factor of 2 for several flights. This

indicates that the particle lifetime is quite long.
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Calculation of the Energy Spectrum 2 , , , r , , , ,

We can get a quantitative picture of the

flux and energy spectrum of the inner-radiation-

belt protons produced by neutron/3 decay by

considering the conservation of particles. The

continuity equation in energy space canbe writ-

ten (Reference 37)

: SpCEI- L(EI+ [JCE ] (21)

where N(E) is the equilibrium-proton-density

energy spectrum, SplE} is the source of pro-

tons, L(E)is the loss term, and J(E) is the

"energy current" = N(E} dE/dt for equilibrium

dNIE)/dt = 0. Let us now consider two special

cases of this equation for equilibrium.

Case A: L{E) : 0.

For protons between 5 and 100 Mev the

dominant loss process is slowing down by excit-

ing and ionizing electrons by distant coulomb

collisions, and we can ignore other losses. This

slowing down contributes to the energy-current

term and is not considered here to be part of

LIE}; Equation 21 becomes now

a IN(E) d_d__1 (22)Sp{E) - 0E

I:o E
o (..)

10
8

6

lO-Z

8

6

2

10.2
I0

TRAPPED PROTONS

T

.L

I I I I ] I I ] I

2 4 6 8102 2 4 6 8 103

PARTICLE KINETIC ENERGY (Mev)

Figure 5--The spectrum of trapped high-energy protons
at 1100 km measured by Freden and White. Reproduced
with permission from Reference 32. The solid dots are
data from a flight on October 13, 1960, and the crosses
are from a flight in Aptll 1959 normalized to the other
at 100 Mevo The solid curve is the theoretical proton
curve. The dashed curve is a fit to the high-energy
data.

The proton-source term is given by the neutron's decay density from equation 17:

dn(E) V 0.8 E_2. o f Re _S

Sp(E) = ---dV - ),vT \lz + h/ (23)

This expression is valid at low latitudes and close to the earth. The coefficient v is put in here be-

cause not all of the neutrons that decay form protons that are trapped (Reference 38). Some of the

protons made by neutron decay have pitch angles that are so small that they will hit the earth before

they mirror. These protons will not form part of the trapped radiation. The coefficient v is called an

injection coefficient and gives the fraction of protons that are trapped. The average value of v for

inner-belt protons is _ m 0.30 (Reference 39).
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WecansolveEquation22approximately(References33and40)for the energyrange10to 80Mev
by writing dE/dt : v dE/dx and approximating dE/dx = 243 pE-° 79Mev/cm; v = 1.45 × 109 × E 0.477

cm/sec; and 7 = 0.93 E°-n,wherep is the air density in gm/cm _. Substituting in Equation 22 we get

(0.30) (0.8E -2°_(6400_3

/\7500/ O [kE-" 243;E-°'79× 1.45 109E °477]
(0.93E "°32 × 1.45 × 109E °.47:' × 1000) - OE × . (24)

Solving this gives

¢(E) vN(E) : kE -n
2.9 × 10-*6

E -°'72 for 10 Mev < E < 80 Mev. (25)

If a time-averaged density of ; = 2.8 × 10-1' gm/cm 3_corresponding to an atomic density of 1.0 × l0 s

atoms/cm 3 --is used, then (E) = ll0E-°'nprotons/cm2-sec-Mev. This density is quite reasonable

for this situation. The diurnal average density at 1100 km near solar maximum is about 2.5 x l0 s

atoms/cm 3 (Reference 41). The time-average density along a particle orbit is less than this by about

a factor 2 (Reference 42), so the density used is quite a good one. This expression for N(E) fits the

Freden and White data well.

The lifetime _-p of these protons can be obtained by using the "leaking bucket" equation (Refer-

ence 12). We have for this problem, for equilibrium,

Contents
Input = Output - ' (26)

p

109
I I I I I I I I I I I I I I I I I

I-

__ 10s
-.J

z
o

o

Q.

10; 10 I I I I I I I II10 2 i I I I I I IJlo 3

PROTON ENERGY (Mev)

Figure O--Proton lifetimes at 1100 km in the Inner belt

based on slow;ng down and nuclear collisions.

which gives

Contents N( E}
q- = - °

p Input S(E)

We know S(E} from Equation 23 and N(E) from

the solution of Equation 24 (shown as the solid

curve on Figure 5); we can therefore calculate

the lifetime directly. This gives__-p = 7.0 × l0 s
E1.3sec for 10Mev < E <80 Mev for 1100 km

altitude. Figure 6 shows values of Tp. For other

oxygen densities the lifetime Zp varies inversely

as the time average density.

Case B: dE/dx _ 0.

If some other loss process occurs consider-

ably faster than slowing down, then the protons

12



will have essentially constant energy; slowing down can then be neglected. This situation is approximated

for protons of E > 300 Mev. For these energies, the protons almost all have nuclear collisions before

they slow down. The cross section a for an inelastic collision of a high-energy proton with an oxygen

nuclei is 3.0 × 10 -2s cm 2 . This gives a mean free path for nuclear interactions of ;_ = p/nc_

= 2.67 × 10-23gin/atom/3.6 × 10-2Scm2/atorn = 74 gm/cm 2 . The range of a 500 Mev proton in oxygen is 135

gm/cm2; therefore, these high-energy protons will usually have nuclear collisions before slowing

down much. In this case, Equation 21 becomes

SIE) = LIE) (27)

For the loss term here we can write

L(E) : N(E} na_ ,
(28)

where n is the atomic density in atoms/cm3; this gives

N(E}

When we substitute

> = 2.69 x 109E°'s44 ,

y = 0.428 E °'2°s

n = I.O x IO s atoms/cm 3 ,

cr = 0.36 × 10 24 cm 2 ,

which are valid for 80 Mev < E < 700 Mev, Equation 29 becomes

_b(E} = vN(E) = 4.2 x I06E -2's4-pr°t°ns
crn 2- sec -Mev (30)

This is an asymptotic expression for NfEI at high energies where slowing down is not important. Above

300 Mev it holds quite well but below this slowing down also is important.

The general form of Equation 21 has been solved (Reference 33) to give the solid curve in Fig-

ure 5. The form of the solid curve above 300 Mev agrees well with Equation 30, and below 80 Mev the

curve is exactly given by Equation 25. There is no arbitrary normalization involved here; there are

13



no adjustable parameters in the theory--the comparison of experiment and calculation is direct. We

know the source strength and properties, we know the loss processes and rate, and we know the prop-

erties of tile atmosphere: from these data we get directly the proton-energy spectrum. The agree-

ment with the data here is so good that the analysis is quite certainly correct, and neutron decay is

the source of these protons.

Spatial Distribution

The spatial distribution of the inner-belt protons was first measured by the GM counter in

Explorer IV (Reference 10). When these data were obtained it was not known that the counting rate

of this detector was due to protons, but it is now quite certain that this is the case. The 302 GM

> 30 Mev and electrons of E > 3 Mev. The electron flux abovecounter on board counted protons of Ep

this 3 Mev energy limit in the inner belt is thought to be quite small.

Contours of constant count rate measured on Explorer IV by Van Allen are shown in Figure 7.

The count rates increase with altitude, and show a fairly complicated change with latitude and longi-

tude. Figure 8 gives curves (taken from Reference 43) of the increase of count rate with altitude at

diIferent locations. The data curves O1 and O 2 were obtained near Singapore; El, E2, and E3 near

Nigeria, Mrica; A1 in northern South America; and A2 and A3 incentral South America. All of these lo-

cations are at about the same magnetic latitude, but the curves show quite different altitude behaviors.

The reason for this is that the earthts surface magnetic field is different at these different locations.

When these data are replotted in terms of the magnetic field instead of altitude at each location (Fig-

ure 9) the curves then become essentially indistinguishable (Reference 43). The reason for this is

10.000

10oo 30oo _,

ALTITUDE _ ____
(102km) _ _ _

22 : 300 I- 10: _

Figure 7--A meddlan section through the earth showing observed contours of the count rate of the un-
shielded GM tube on the Explorer IV satellite for the period July 26 to August 26, 1958, wlthln longitude
range 80° :k 20°W. Reproduced with permission from Reference 10.
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easily understood in terms of the motion of charged particles in a dipole magnetic field. The parti-

cles bounce back and forth, mirroring at one particular value of the magnetic field B. The particles

also drift around the earth staying on a surface of constant integral invariant I; this corresponds to

staying at a constant magnetic latitude. Therefore, for observations at one latitude the count rate

should vary with B as it does in Figure 8. The altitude of the mirror points represented by the count

rates in Figure 8 get as low as 400 km over South America. Below this altitude, galactic cosmic

rays provide most of the count rate. The lower edge of the trapped radiation belt is clearly controlled

by the atmosphere. Protons are lost by slowing down. A 50 Mev proton, to be brought to rest, must

transit about 2.5 gm/cm 2 of oxygen. At 400 km, the atmospheric density is about 5 x 10 atoms/cm 3

or about 10 -14 gm/cm o At velocity of 101° cm/sec, the proton will take about 2 x 10 4 sec to slow

to a stop. But, because of the variations or atmospheric density along the particle's orbit--especially

the variation due to the drift in longitude--the lifetime is increased probably to 106 sec. The source
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strength of fast protons from neutron decay near the earth is about 10-is protons/cmS_sec but perhaps

only 30 percent of these will be going in the proper direction to be trapped. We get an equilibrium

flux here of

cm s-sec/ 101° (10 6 see) : 0.3--cm 2-sec

This calculation is not very exact, but the value of the flux thus found is comparable with the cosmic-

ray flux of about 2 protons/cm2-sec; therefore, it is reasonable that below this altitude of 400 km the

trapped flux gets too small to be measured and cosmic rays dominate.
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Wearequite certainthe lower edgeof the inner belt of high-energyprotons is controlled by the
earth's atmosphere.Butweare notnearly socertainwhatcontrolstheouteredgeof theprotonbelt.
Wewouldexpect,from whatis knownof the inner belt, that it should extend out many earth radii. The

neutron decay source strength decreases about as 1/R L, but the proton lifetime for slowing down should

go up about as fast as the source strength goes down, so the equilibrium proton flux expected in the

outer belt is about the same as that observed in the inner belt. Actually, the observed trapped high-

energy proton flux in the outer belt is less than the cosmic-ray flux and consistent with zero. Fan,

Meyer and Simpson (Reference 44)gave an outer-belt proton flux of

protons
= 0 ± 0.1 -- for E > 75 Mev,

P Cm2_sec P

This means that the lifetime of the protons in this region is reduced by a factor of 10 4 or more by

some additional process.

The processes which seem most probable to cause this reduction in lifetime have to do with time

variations of the magnetic field. Welch and Whitaker (Reference 45) suggested that time or space

variations in the magnetic field could produce "magnetic scattering" of trapped particles. If the mag-

netic perturbations are of such character that they cause a breakdown of the adiabatic invariants then the

particle's motion will be altered. Hydromagnetic (hm) waves having a wave length _ < Re, where Rc is

the particle cyclotron radius, will break down the magnetic moment invariant. When the particle en-

counters the wave a change in _ will take place, and as the result the particle's mirror point will be

changed. Repeated encounters with waves will cause a diffusion of the particle's mirror point and

result in a loss of particles out of the loss cones into the atmosphere.

Dragt (Reference 46) has calculated the effect of hydromagnetic waves on a high-energy proton

magnetic moment. He finds that for hm wave frequencies of a few cps and for particles traveling along

field lines, a condition can exist such that the hm wave frequency is Doppler shifted to equal the par-

ticle's cyclotron frequency. For this resonant condition the particle's magnetic moment is changed

as a result of interacting with the wave.

The particle lifetime _ against hm wave scattering is given by Dragt as

772p2 ' (31)

where zB is the bounce period and p is the number of _ waves encountered per bounce. For 100 Mev

protons at 2Re the bounce period _ _ 0.1 sec, and B = 0.04 gauss. Assuming _B = 3 gamma and

p = 1 we get

1
_r _ _- day,

This lifetime is short enough that the equilibrium flux of protons in the outer belt would not be meas-

ured because the cosmic-ray flux is larger.
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Also, the radial dependenceof the scatteringis reasonable.At2Re,the maximumenergytrapped
is proportionalto R-11.But at smalleraltitudes,thescatteringis less. Thecountrate versusaltitude
curveof theGMcounteronPioneerIII is reasonablywell reproducedby this analysis. The require-
mentsonhmwavecharacteristicsherearequite reasonable.A wave characteristic of _B= 3y at 3

cps is not a very large disturbance.

Wentzel (Reference 47)made a similar analysis of the breakdown of the magnetic momentof high-

energy protons by hm waves. He found that the magnetic moment was changed for encounters with hm

waves when v/v > 0.4, where v = hm wavelength/larmor period. Accordingly, 56 Mev protons

should extend out to 6000 km and 28 Mev protons out to 7000 kin. These results are relatively similar

to Dragt's results.

Parker (Reference 48) has considered how a breakdown of the integral invariant I can transport

and accelerate particles. If the magnetic field at the mirror point changes in a time short compared

to a bounce period, then I is not a constant of the motion. The bounce period is (Reference 49)

4ro 4 x 10 9 cm

7B _ v _ 1010 cm - 0.4 sec. (32)
sec

So, waves having a frequency of 5 or 10 cycles/sec will cause nonadiabaticity here. These waves at

the mirror point result in a Fermi acceleration (Reference 50). Some particles encounter mirror

points moving towards them due to the field perturbation An and some particles find mirror points

moving away from them. But, because statistically more approaching collisions take place, there is

a net energy gain given by

dt - 8Eli P ' (33)

where Ell and %1 are the particle energy and velocity component along the field line, respectively, p

is the number of mirror point reflections per unit time, and v is the velocity of the mirror point

motion.

The interesting feature here is that as the particle gains energy its mirror point is systematically

lowered because all the energy gain is in E_ and, therefore, the pitch angle decreases and the particle

is lost into the atmosphere. For a AB/B of 10-3and constantly moving mirror points, the character-

istic time for a particle to diffuse down into the atmosphere is about 3 × 106 sec. It is not known

whether these hydromagnetic wave conditions are really met, and thus whether this lifetime is reason-

able or not. Parker made this analysis for outer-belt 100 kev electrons, but it applies equally to

protons of about 50 Mev.

A proton lifetime of 3 × 106 seconds and a source strength of about 0.2 x 10 -Is protons/cm3-sec

gives an equilibrium flux of

_ : (0.2×10_1s protons) (1010 cm ) protonscm2 sec s-_ (3× I0 6 sec) : 6 cm2 se c
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But this is larger thanthemeasuredouter-belt flux byat leastanorder of magnitude,sothelifetime
mustbeless than106secby a factor of 10 or more. From this analysis it seems that the breakdown

of the integral invariant probably is not the dominant loss process, but that another process gets rid

of the protons faster.

It would appear from the work of Dragt (Reference 46) and Wentzel (Reference 47) that the break-

down of the magnetic moment of the protons by hm waves caused the loss of protons in the outer belt.

The hm waves required to do this seem available and the results of the calculations agree reasonably

well with observations. We cannot be sure that hm wave scattering is the controlling factor for the

outer edge of the inner belt because there is no direct verification of this, but it seems the best guess

now.

If the outer edge of the proton belt is controlled by hm wave scattering as we think, then there may

be an interesting solar cycle change in the proton flux at 2R and beyond (Reference 46). If, at solar

minimum, there is less energyin hm waves (as seems reasonable), then the proton lifetime will in-

crease and an appreciable flux of protons may build up in the outer belt.

In order to organize the kind of data shown in Figure 7 into some easily manageable form,

McIlwain developed the B-L coordinate system (Reference 51) where B is the scalar magnetic field

and L is a distance which, in a dipole field, is the distance to the equator for a particular field line.

It is defined in terms of the integral invariant I in such a way that the real earth's field is used. L is

very nearly constant along a field line, so it can replace the commonly used equatorial radius R0, but

use real values of the earth's field. The Explorer IV data in Figure 7, when plotted in terms of B L co-

ordinates, can be combined for different geographic latitudes, longitudes, and altitudes into the simple

form shown in Figure 10. Reading down a line of constant L here corresponds to going out from

the earth along a field line. This information can be transformed into a more familiar form by

using

R = Lcosl)_,

and

: _M}/_ 3RB R3 - T-

This R, £ presentation of the data in Figure 11 has the earth's magnetic field transformed into a dipole

field, but the earth's surface now has an odd shape.

Figure 11 is a representation of the fluxes of high-energy protons (Ep > 30 Mev ) in the inner belt

as of 1958. It is probably accurate to within a factor 2 over most of the range of values. The picture

was somewhat different in 1961; this variation is discussed later.
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Figure lO-Contours of constant true counting rate of the unshielded GM counter in Explorer IV. The
points shown correspond to data obtained over a wide range of geographic latitude and longitude. Re-
produced with permission from Reference 51.

In Figure 11, the data from Explorer IV have been combined with data from Pioneer III to extend

the range of B-L values covered. This, with some extrapolations, covers the whole inner belt. The

count rates in Figure 10 have been converted to particle fluxes in Figure 11 by the use of the proper

detector geometrical factors.

Pioneer III went out radially about 100,000 km from the earth and then returned (Reference 12).

It cut through the inner belt twice. The 302 GM counter on board was nearly identical in threshold to

the counter in Explorer IV; however, it had a slightly larger geometrical factor Go = 0.62 (Reference

12). The count rate curve for the reentry flight is shown in Figure 12. The section from 15,000 km

inwards is the important region for us. This shows the nature of the outer edge of the proton belt

within about 20 degrees of the equator and, when combined with Explorer IV data, allows us to make

a more complete map of the inner-belt-proton flux.
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possibility that it is the same peak degraded in energy, and that it was the result of neutrons produced

in one polar cap proton event (Reference 53). There is little doubt that polar cap protons are impor-

tant in generating neutrons, but it seems questionable whether this structure in the trapped proton

energy spectrum is the result of polar cap protons. It now appears that if there are changes in the

spectral shape above 30 Mev, they are quite small (Reference 32).

Time changes in the inner belt have been detected by the 302 GM counter on Explorer VH (Reference

> 18 Mev and electrons of E > 1.1 Mev. At the outer edge of the inner belt55). It counted protons of Ep e

for 1.8 < L < 2.2 time variations of a factor of 3 or more are seen at thetimes of magnetic storms. The

changes may well be in the electron population. For 1.5 < L < 1.8 there are small variations seen in

the count rate at storm times, maybe in the proton population or maybe not.

From November 1959 to November 1960 a rather gradual increase of a factor of 2 in intensity was

seen in the inner part of the inner belt (L < 1.5) by Explorer VII. At least part of this increase is ex-

pected, on two grounds: (1) the cosmic-ray flux increases by about a factor of 2 from solar maximum

to solar mininmm, and (2)the exospheric densities will decrease. The heating of the exosphere is less

at solar minimum, so that the scale height decreases and therefore the densities decrease.

Recent calculations on the solar cycle change of exospheric density (Reference 41)give the atomic

densities listed in Table 3.

Table 3

Altitude

Atomic Densities at Various Altitudes.

Atomic Densities (atoms/cm 3)

(km)

1000

1500

2000

Near Solar Maximum T

N(O) N(He)

7 x l0 s 1 4.4 x l05

1.1 x 104 / 1.6 x 10 s
!

290 6.2 x 104

Near Solar Minimum _

N(O) N(He)

440 l 1.1 x lO s

18 ] 1.6 x 10 40 2800

tS : 200 trom Reference 41.
t tS 70 from Reference 41.

Both the slowing down loss process and the nuclear collision loss process will vary with these two

densities. The slowing down rate dE/dx goes as

dE
_ [4N(O) + N(He)] •

Oxygen is more important here because it has 4 times as many electrons to help in slowing down.

The nuclear collision rate c shows a similar variation

C a [2.5N(O) + N(He)]
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The oxygen nucleus has a large cross section _ for nuclear collisions (_ _ A 2_3), so oxygen has more

collisions per nucleus than helium does.

From Figure 6 we got the proton lifetime at 1000 km altitude for near solar maximum given in

Table 4. The other values in the table are obtained from these 1000 km values by using density varia-

tions in Table 3 and Equation 26.

Table 4

Inner Belt Proton Lifetimes.

Lifetime
Energy
(Mev) Near Solar Maximum At Solar Minimum

(sec) (sec)

1000 km 1500 km 2000 km 1000 km 1500 km 2000 km

15

40

100

2.4 x 107

8.5 x 107

2.8 x 108

3.8 x 108

1.2 x 109

4.2 x 109

1.4 x 10 9

5.2 x 109

2.0 x 10 ]0

7.2 x 108

2.5 x 109

8.4 x 109

4.8 x 109

1.7 x 101°

5.6 x 101°

2.4 x 10 10

8.4 x 10 1°

2.8 x 10 ]1

The period of the solar cycle T c = 4 x 108 seconds. If the proton lifetime is short compared to this,

then the particle population will change with changes in source strength or loss rate; but if the proton

lifetime is long compared to To, then the solar cycle will be averaged out and no population changes

will occur. We see from Table 4 that changes in low-energy particles at 1000 km will be appreciable,

but at 2000 km no changes will occur. The factor of 2 increase in the number of protons of Ep > 19

Mev seen by Explorer VII at 1000 km during 1960 (Reference 54) is consistent with the increase ex-

pected here on the basis of solar cycle changes in cosmic ray flux and exospheric density.

MEDIUM-ENERGYPROTONS

Out to about L = 1.6, the proton energy spectrum is as shown in Figure 5; but for L > 1.7, Naugle

and Kniffen (Reference 35) found that for Ep < 30 Mev the spectrum showed a sharp rise above this

curve. Apparently some additional process comes into play to produce these protons of Ep < 30 Mev

near the outer edge of the inner belt. The Naugle and Kniffen data are given in Figure 13.

A second experiment apparently saw this same group of particles: A proton spectrometer flown

on a Scout vehicle to an altitude of 4800 km found a large number of protons (Reference 55) of 1 Mev

< _. < 10 Mev. One part of Naugle and Kniffen's data was at 1884 km altitude at L = 1.722 and could
P

be fit well by

(E) = 6.8 x 106 E-4'5 protons for 10 Mev < E < SO Mev.
p cm2-sec-ster-Mev p

Bame, etal. (Reference 55) made measurements at 4800 km at L = 2.50 and got a proton flux given by

(E} = 2 x 106E -s-2 for 1Mev < E < 2.24 Mev
p P
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and

0p (E) = 0.71 x 106E -3"9
p

for 2.2 Mev < E < 7.3 .Mev.
p

L= 1.722

L= 1.79:

1 i I
1010_ 2 5 102 2

KINETIC ENERGY(Mev)

F_gure 13--Proton-energy spectra measured by Naugle
and Knlffen for different positions along the vehicle
trajectory. Reproduced with permission from Ref-
erence 35.

Bame, et al. showed that an extrapolation of the

Naugle-Kniffendata down to 1Mev gave moder-

ately good agreement with their data (see Fig-

ure 14). Therefore, it appears that these two

experiments were observing the same type of

particles.

What new source of particles can produce

medium-energy trapped protons only above

L = 1.7? Armstrong, etal. (Reference 34) sug-

gested that solar protons bombarding the polar

cap at the time of solar flares should produce

neutrons, and that the decay of these neutrons

then constitutes a new source of protons. We

are sure that galactic cosmic ray protons pro-

duce neutrons which then produce inner belt

protons; so it seems very reasonable that solar

protons should similarly produce neutrons and

thereby trapped protons.

The trapped protons produced from solar

protons will be different from the other trapped

protons in two ways. First, their spatial dis-

tributionwfll be different. This is because solar

protons arrive at the earth only in the polar

regions (because of their low energy, the earth's

field prevents them from getting further from

the poles than about 55 degrees of magnetic

latitude). The inner part of the inner belt is therefore geometrically shadowed from this source, so

more of these neutrons can produce trapped protons near the inside of the inner belt. Lenchek (Ref-

erence 56) has calculated that no trapped protons wiU be produced for L < 1.65. This is consistent

with the data of Naugle and Kniffen (Reference 35).

The second distinctive feature of trapped protons produced from solar protons is that the inter-

mediate neutrons produced this way have lower average energies than those from the galactic cosmic

ray source. The solar proton energy spectrum usually extends up past 100 Mev, but most of the pro-

tons have much lower energies. Therefore, the neutron energy spectrum will not contain many
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particles of E > 50 Mev and the peak of

the neutron spectrum should be at about

1 Mev. Lenchek (Reference 56) approxi-

mated this neutron spectrum s (El by an

evaporation spectrum

S (E) = kEe -e'4,

and evaluated the total flux of trapped pro-

tons made by this process.

A 10 Mev proton that mirrors at 1500

km has a lifetime for slowing down of

about 10 years, so this process will aver-

age over a large number of solar events.

Lenchek estimated the time-average solar-

proton flux from data of Webber (Reference

57) to be about 10 protons/cm 2 -sec-ster,

which is much higher than the galactic

cosmic ray flux. Using an average at-

mospheric density of 103 atoms/cm 3, he

obtained the trapped-proton flux observed

by Naugle and Kniffen (Reference 35).

These numbers seem a little extreme, but

the idea seems completely reasonable.

It appears quite reasonable from this

analysis that these low-energy protons are
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Figure ]4--Energy spectrum at 4800 km for protons measured by
Bame, Conner, et al. Two of the spectra obtained by Naugle
and Knlffen have been extrapolated to lower energies and are
shown. Reproduced with permission from Reference 55.

made from solar protons striking the polar atmosphere. The fact that there is a sharp inner edge on

this type of trapped radiation strongly rules against direct solar injection or local acceleration (Ref-

erence 56).

LOW-ENERGYPROTONS

One of the most interesting recent radiation-belt discoveries is the large flux of low-energy

protons at 1000 km (Reference 58). On Injun, a CdS detector measured a heavy ion energy flux

of about 30 ergs/cm_-sec-ster at 1000 km in the energy range of 0.5 kev to 1 mev. These par-

ticles are probably protons. If they have an average energy of 100 key, there is a proton flux of

5 errs )0 (1 ster) protons
¢ = cm2-sec-ster = 3 x 10 8

P .1 proton 1.6 x 108 Mev ]
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This is a quite large flux. The spatialdistribution of these low-energy protons is very similar to

the distribution of high-energy inner-belt protons.

This strong similarity might be explained by: (1) the two groups of particles coming from a com-

mon source, (2)the high-energy protons generating the low-energy protons. We are very sure the

high-energy protons are made by neutron decay. Also, slow protons produced by neutron decay do

exist. We can evaluate the possibility that the observed slow proton flux results from neutron decay.

Most of the neutrons in the leakage spectrum are between 100 kev and 10 Mev. Let us say that one

half of the neutron-decay events at 1000 km produce protons of about 1 Mev. From Figure 3 we see

that about 2 × 10 -'_ protons/cm3-sec will be made in the Mev range from these decay events. If

these protons are lost by slowing down, they must encounter 3 × 10 -3 gm/cm 2. In an atmosphere of

n = 2.5 × l0 s O atoms/cm 3 of oxygen (or p = 6 × 10 -18 gm/cm3), and traveling at an average

velocity of 5 × 108 cm/sec during the slowing down process, a 1 Mev proton will slow down in a

time T given by

cm3] ?" = 3 × 10 -3 gmCm 3

or

= 10 6 seconds .

We get from this the equilibrium-proton flux of

( )( ) pro,on cm (10 e sec) = 10 3@p = 2 x 10 -12 protons S × lOSs-- _-
cm3 -sec crn2 - sec

This is much less than the observed flux of ¢
p

protons.

l0 s so this process can not produce the observed

Next, we can consider the possibility that the high-energy protons produce the low-energy pro-

tons. This might be done by coulomb collisions with the thermal protons. We can estimate the flux

produced in this way. The cross section for coulomb collisions is

e. sioecos Oe
E2 (34)

where E is the energy of the incident particle and 0 is the scattering angle. For a range of values of

0, the struck proton will have energies E in the 0.5 kev to 1 Mev energy range given by

E s = E sin 2 _ •

(35)
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Integrating over _ to get the total cross section and rearranging the coefficient gives

= 0.5× 10-24 cr_2 _dsinU 0,25 × 10 -2* Isi__] _'°x

for a 50 Mev incident proton. In order to get the range of E energies indicated, we need

1 .0005
sin 2 _;max _ 50 and sin2 d mi" : 50

This gives a total cross section of a = 2 x 10 -24 cm 2. Using a high-energy-proton flux of 104

proton/cm2-sec and a thermal proton population of 104 atoms/cm 3, we get a slow proton product in

rate S of
p

S = 2 x 10-16 protons of 0.5 kev < E < I Mev.
P cm 3 - sec P

This source strength is considerably less than neutron-decay source strength, and the proton lifetimes

will be shorter here too because the protons made are of lower average energy. Therefore, this

source produces an even smaller fraction of the observed protons and is not important.

We can ask another question. Is there enough energy in the high-energy protons to supply the

low-energy protons by any process? Using a proton lifetime of 106 sec and velocity of 5 × 108 cm/sec,

we get the energy requirement of the low-energy-proton source of

50 ergs .) t5cm2-sec
cm"

x 108

: 10-13 __
ergs

cm3-sec

The energy loss rate EL of inner-belt high-energy protons is about

Mev (16 -- ,
E L = 50 protons " cm2-sec 1010 108 se c m3-sec

where we have assumed an average lifetime of 10 seconds.

We see that energetically the high-energy protons cannot produce the low-energy protons by any

process. The energy in the low-energy protons must come from some other sources that are cur-

rently not understood. These low-energy protons are one of the most interesting mysteries of the

radiation belt.
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ELECTRONS

It seems surprising, but we know a good deal less about the electrons in the inner belt than about

those in the outer belt. One reason for this is that the high-energy protons present in the inner belt

tend to hide the electrons. The protons are counted with high efficiency by most detectors and pene-

trate considerable amounts of shielding. Instruments designed to count electrons will usually count

the protons too.

There are, however, several experiments that have given some information about the inner belt

electrons.

Measurement of the Electron Spectrum

Several particle spectrometers have been flown on pods on Atlas rockets, by Holly, et al. (Refer-

ence 59) to altitudes up to 1500 km in the inner belt near the equator. Electrons were identified by

the use of magnetic analysis. The differential energy spectrum of the electrons measured here is

shown in Figure 15.

The inner belt electron spectrum has also been measured recently by a 10-channel magnetic spec-

trometer flown on Discoverer satellites at about 400 km (Reference 60). In the Atlantic Ocean off

Brazil, a region of high count rate was observed; this region connects to the inner belt (Reference 61).

Vernov found that this region had a high content of protons by comparing the count rates of a GM

counter and a scintillation counter. The spectrometer on Discoverer satellites 29 and 31 had a blank

channel to count protons which were con-
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Figure IS--Electron-energy spectra in the inner belt: Curve A

measured by Holly, Allen, and Johnson; curve B measured by
Bame, Conner, et al. (Reference 55); curve C is a calculated
spectrum based on a neutron decay source.

sittered a background for this experiment

and subtracted from the data. The elec-

tron spectrum measured in the South

Atlantic by a Discoverer is shown in Fig-

ure 15.

The count rate here is due to inner

belt electrons that have come down to low

altitudes at this location because the mag-

netic field is weak. This spectrum extends

to higher energies and is flatter than the

Atlas pod spectrum. The difference in

these two spectra is not understood; they

were not measured at the same time or

place, so a direct comparison is really

not possible. The Discover spectrometer

did see other types of electron energy

spectra in other places, but never any

type resembling the spectrum of
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Reference 59. In the South Atlantic the only spectrum seen is that shown in Figure
15.

Theenergyspectrumexpected(References62,63,and64)in the innerbelt from neutronz -decay
electronsis also shownin Figure 15. Electronsare lost from the inner belt by coulombcollisions
whichchangethepitchangleandcausetheparticles to diffuseoutof the loss cone. The energyde-
pendenceof theelectronslifetime _ ascalculatedfor scatteringis (Reference65)

_ v p2

where p = electron momentum and v = electron velocity. The shape of the equilibrium electron

spectrum expected from neutron _-decay is simply the shape of the H-decay spectrum (see Figure 2)

weighted by the particles' lifetimes which change with energy as given above. This calculated spec-

trum lies between the two experimental spectra.

The situation here is not clear. It appears experimentally that the inner belt electron spectrum

may vary with space or time. But the observed spectra do not seem to agree very well with the spec-

trum calculated from neutron decay. It appears that sometimes there are electrons of E > 1.2 Mev

in the inner belt. These cannot be directly made by neutron decay. Some acceleration process must

act to produce these high-energy electrons. It would seem that neutron decay electrons could be ac-

celerated most easily because they start with relatively high energies to begin with. We must wait

for more experimental information to make any kind of quantitative comparison with calculations

based on neutron decay.

The Electron Flux

There have been several measurements which give the electron flux in the radiation belts. None

of these are for the central regions of the inner belt, but we can interpolate what measurements are

available to give reasonable estimates in the inner belt.

There are three measurements of the electron flux at about 1000 km altitude. O'Brien, et al.

(Reference 66) have measured the flux of electrons of E e > 40 key at 1000 km on the Injun satellite by

using magnetic spectrometers. The flux thus determined was about l0 s to 106 electrons/cm_-sec-ster

so, because AQ _ 1 ster at these altitudes, the omnidirectional flux is ce _ 10s to 10 s electrons/cm 2-

ster. These measurements were for L > 2 so they are not really inner-zone electron fluxes. The

electron flux of E > 30 kev measured by Holly, et al. (Reference 59) at 980 km was about 7 × l0 s

electrons/cm2-sec. This was at 15 ° N latitude and is truly an inner belt flux. Cladis, et al. (Refer-

ence 67) measured an electron flux for E > 50 key of 4 × l0 s electrons/cm2-sec at L _ 2.4 using a

magnetic spectrometer; these measurements give an electron flux at 100 km of the order of l0 s

electrons/cm2-sec of E > 40 kev.

Equipment on the Explorer XII (1961v) satellite has measured the electron flux in the outer belt. O'Brien,

et al. (Reference 68) report fluxes going up to 108 electrons/cm_-sec of E > 40 kev, but a more typical
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flux (Reference69) is about107electrons/cr_-sec. Theelectronflux is quite constantfrom about
50,000kminto about10,000km.

From this datawecanguessthat the electron flux in the centerof the inner belt is about 107
electrons/cm_-sec,possiblygoingas highas 108eiectrons/cm2-sec.

Oneearly measurementseemedto giveinformationabouttheinner-belt electronflux,but this now
appearsincorrect.

TheExplorer IV satellite carried four detectorsthat detectedparticlesof different ranges. The
particles thatpenetrated1 gm/cm2 or moreof shieldingwereidentifiedasbeinghigh-energyprotons
(Reference13).

OnedetectoronExplorer IV, theenergyscintillator, countedparticlesthatpenetrated1.0mg/cm2
of shielding. A largeflux, up to 10ergs/cm2-sec-steror more, wasmeasuredby this detector. A
tentativeanalysisof this experiment(Reference13)suggestedit wasdueto electronsthatwouldjust
penetratethe 1 mg/cm2 foil of about20key. This modelwasproposedbyanalogywith early ideas
aboutthecompositionof theouter belt. Assumingthe particles were 20key, it took about2x 109
electrons/cm2-sec-ster to givetheobservedenergyflux.

But it now appearsthat this interpretationwasnotcorrect. Recently,ontheInjunsatellite, an
energyflux of up to 100ergs/cm_-secof heavyionswasmeasured(Reference58). Thesewerevery
probablyprotonsand they were in the energyrangeof 0.5 kev to 1 Mev. Manyof theseparticles
wouldbecountedbytheExplorer IV energyscintillator. It, therefore, seemslikely that this Explorer
IV counterwascountinglow-energyprotonsandnotelectrons.

Theinner-belt electronflux expectedfrom neutrondecayis of thesameorder of magnitudeasthe
observedflux. Wentworth,et al. (Reference65)havecalculatedthe electron lifetime for coulomb
scattering by solving the Fokker-Planckequation. For an atmosphericHedensityat 2000km of

= l0 s atoms/cm 3 they get a lifetime for a 300 key electron of Te = 1.5 x 108 sec. Using this life-

time and the source strength (Reference 26) of 3 x 10 -12 electrons/cm3-sec, we get an equilibrium
electron flux of

¢
1012 101° (1.5 108 sec) _ 10 :_× 3 x _ x crn2 sec

e cm 3 - S@C

In comparing the observations of electrons with calculations based on the neutron-decay theory,

we find that the calculated and observed fluxes are quite similar but that the spectra are not in as

obvious agreement. It is quite certain that neutron-decay electrons produce a large fraction of the

trapped electrons. It is also quite certain that acceleration processes also operate to generate the

high- energy electrons.
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OTHER PARTICLES

If the sun were the source of particles in the inner radiation belt we would expect to find not only

protons but other heavier particles such as deuterons, tritons, and He s and He4 nuclei. The sun con-

tains about 15 percent He nuclei (Reference 70) and solar cosmic rays contain about 5 percent He

nuclei (Reference 71). The lifetime of a He * nuclei in the inner belt would be about five times less

than that of a proton of the same energy because the rate of slowing downis faster for Z = 2. On this

basis, we would expect about 1 percent He 4 in the inner belt. But experimentally not one z = 2 track

has been found in nuclear emulsion. The total number of particles measured in three experiments is

given in Table 5.

Table 5

Measurements on Trapped Heavy Particles.

No. of No. of No. of No. of
Experiment Protons Deuterons Trl tons Alphas

Freden and White
May 1959 (Reference 33)

Armstrong, et al.
July 1959 (Reference 34)

Heckman and Armstrong
October !960 (Reference 36)

Total

243

477

301

1021

An upper limit of the _ flux is 0.1 + 0.05 percent of the proton flux in the energy interval 125 to 185

Mev (Reference 36). This quite clearly shows that the sun contributes few, if any, of the heavy par-

ticles in the inner belt.

A few deuterons and tritons (roughly 1/2 percent each) were found in the emulsion experiments as

is shown in Table 5. These particle fluxes can be explained (Reference 33) as being the result of

nuclear collisions of trapped protons with o and N nuclei in the very thin atmosphere present at radia-

tion belt altitudes. No heavy particles have been observed in the inner belt that cannot be understood

by the neutron-decay source.

CONCLUSIONS

From the foregoing discussion we can draw the following conclusions about the inner radiation

belt:
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Thehigh-energyprotons( Ep> 30Mev)result from galacticcosmic-rayproductionof neutronsin
theearth's atmosphereandthe subsequentescapeanddecayof theseneutrons. Boththeenergyspec-
trum andtheintensityof thetrappedprotonsare completelyconsistentwith this interpretation. The
time variationsobservedin this protonpopulationare understoodwell in terms of solar-cyclevaria-
tions in theexospheredensityandof cosmic-rayflux.

Thespatial distribution of theseprotonsalso seemsreasonableon the basis of neutrondecay
injection. Protonsare lost from thebelt by slowingdown. Increasingdensityof air limits the lower
edgeof thebelt, andthe changesin altitudeof the lower edgewith longitudeare dueto changesin the
strengthof theearth's field. Thebelt's outer edgeis probably controlledby hydromagneticwaves
whichchangetheprotons' magneticmomentandscattertheminto theatmosphere.As far asweknow
now, theseprotonsare madefrom neutronsandfrom noothersources.

Medium-energyprotons(5Mev <Ep< 30Mev)seemto bemadefrom neutrondecayby two dif-
ferentprocesses:In the inner part of the inner belt, for L < 1.6where the spectrumis rather flat,
theprotonsare quite certainly dueto neutronsmadeby galacticcosmic-ray protons. Out farther,
for L > 1.7,thesteeperspectrumandlarger fluxesarequite certainlydueto the decayof neutrons
madeby solar protonsstriking thepolar regionsat thetimes of somesolar flares.

Thenewlydiscoveredlow-energyprotons(0.5kev< Ep< 1 Mev)mighteither be madeby some
quitenewanddifferentandnotunderstoodsource,or theymightbeacceleratedfrom a lower-energy
source(suchas slowneutron-decayprotonsor knock-onprotons)totheobservedenergies.Onething
is quitecertain: neutron-decayprotonsdonotsupplya large fractionof the total energyin thesepro-
tonsdirectly.

The origin of thetrappedelectronsin the innerbelt is notaswell establishedbecausetherehave
beenfewexperimentsto studytheir characteristics. Theflux is notknownto an order of magnitude
andthe spectrumis also uncertain,but it wouldappearthattheenergyspectrumgoesup past 1 Mev
andtheflux is of theorder 107electrons/cm2-sec. From neutronswe wouldexpecta flux of about
107anda spectrumendingat 780kev. Thehigh-energyelectrons(E >780key) are not producedby
neutrondecaydirectly, but it wouldseemthat someaccelerationprocessesoperatingonneutron-decay
electronsto increasetheir energyis the mostprobablesourcemechanismfor theseelectrons. If we
useanacceleratingprocessoperatingonlow-energyelectronsto generatetheobservedelectrons,the
requirementsontheacceleratingprocessare considerablyincreased.

Our conclusionis thatthe inner-beltprotonsof E > 5Mev are producedby neutrondecayfrom
galacticandsolar protons,but the E < 1Mevprotonsare of differentandunknownorigin. Theinner-
belt electronsare probablymadebya combinationof neutrondecayand someuncertainaccelera-
tion process.
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